The molecular links between the cell cycle and defense responses in plants are largely unknown. Using synchronized tobacco BY-2 cells, we analyzed the cell cycle dependence of elicitor-induced defense responses. In synchronized cultured apoaequorin-expressing cells, the increase in cytosolic free Ca 2+ induced by a proteinaceous elicitor, cryptogein, was greatly suppressed during the G 2 and M phases in comparison with G 1 or S phases. Treatment with cryptogein during the G 1 or S phases also induced biphasic (rapid/transient and slow/prolonged) responses in activation of mitogen-activated protein kinases (MAPKs) and production of reactive oxygen species (ROS). In contrast, elicitor treatment during the G 2 or M phases induced only a rapid and transient phase of MAPK activation and ROS production. Their slow and prolonged phases as well as expression of defense-related genes, cell cycle arrest and cell death were induced only after the cell cycle progressed to the G 1 phase; removal of the elicitor before the start of the G 1 phase inhibited these responses. These results suggest that although cryptogein recognition occurred at all phases of the cell cycle, the recognition during the S or G 1 phases, but not at the G 2 or M phases, induces the prolonged activation of MAPKs and the prolonged production of ROS, followed by cell cycle arrest, accumulation of defense-related gene transcripts and cell death. Elicitor signal transduction depends on the cell cycle and is regulated differently at each phase.
;
The molecular links between the cell cycle and defense responses in plants are largely unknown. Using synchronized tobacco BY-2 cells, we analyzed the cell cycle dependence of elicitor-induced defense responses. In synchronized cultured apoaequorin-expressing cells, the increase in cytosolic free Ca 2+ induced by a proteinaceous elicitor, cryptogein, was greatly suppressed during the G 2 and M phases in comparison with G 1 or S phases. Treatment with cryptogein during the G 1 or S phases also induced biphasic (rapid/transient and slow/prolonged) responses in activation of mitogen-activated protein kinases (MAPKs) and production of reactive oxygen species (ROS). In contrast, elicitor treatment during the G 2 or M phases induced only a rapid and transient phase of MAPK activation and ROS production. Their slow and prolonged phases as well as expression of defense-related genes, cell cycle arrest and cell death were induced only after the cell cycle progressed to the G 1 phase; removal of the elicitor before the start of the G 1 phase inhibited these responses. These results suggest that although cryptogein recognition occurred at all phases of the cell cycle, the recognition during the S or G 1 phases, but not at the G 2 or M phases, induces the prolonged activation of MAPKs and the prolonged production of ROS, followed by cell cycle arrest, accumulation of defense-related gene transcripts and cell death. Elicitor signal transduction depends on the cell cycle and is regulated differently at each phase.
Keywords: Cell cycle arrest -Cell death -Elicitor -Synchronized culture -Tobacco BY-2 cells Abbreviations: [Ca 2+ ] cyt , cytosolic free Ca 2+ concentration; MAPK, mitogen-activated protein kinase; MCLA, 2-methyl-6-[pmethoxyphenyl]-3,7-dihydroimidazo[1,2-α]pyrazin-3-one;
Introduction
Plants respond to attack by pathogens by activating a variety of defense mechanisms, including the synthesis of phytoalexins and the induction of hypersensitive cell death, which restricts the growth of pathogens at the infection site Dangl 1996, Heath 2000) . The induction of defense responses is accompanied by fluxes of Ca 2+ and H + , production of reactive oxygen species (ROS) and nitric oxide, and activation of mitogen-activated protein kinases (MAPKs). These responses are thought to have important roles in the induction of defenserelated genes and cell death (Zhang and Klessig 2000 , Asai et al. 2002 , Nürnberger and Scheel 2001 , Kadota et al. 2004a .
Down-regulation of cell cycle-related genes is triggered by an oligopeptide elicitor, Pep-13 of Phytophthora sojae, in parsley cells (Logemann et al. 1995) , implying some links between defense signaling and cell cycle regulation. However, the relationships between the cell cycle and defense responses in plants are unknown. Therefore, we developed a model system involving elicitor-induced hypersensitive cell death in synchronized tobacco BY-2 cells, which we used to analyze the relationship between the cell cycle and defense responses in plants. Since tobacco BY-2 cell suspensions can be synchronized, they have often been used to analyze the mechanisms of cell cycle regulation (Nagata et al. 1992) . The proteinaceous elicitor cryptogein, derived from Phytophthora cryptogea, induces cell cycle arrest in the G 1 or G 2 phases prior to the induction of cell death (Kadota et al. 2004b ). Whether or not cell death is induced is dependent on the stage of the cell cycle at which the elicitor is detected. Cryptogein-induced cell death only occurs in cells in which the elicitor is recognized during the G 1 or S phases, whereas elicitor recognition during the G 2 or M phases does not induce cell death. The inhibition of elicitor-induced cell death during the G 2 or M phases suggests differences in a cryptogein signaling component or components in these phases of the cell cycle.
Cryptogein triggers biphasic transients in the cytosolic free Ca
] cyt ) by plasma membrane Ca
2+
influx at least partly through the putative Ca
-permeable channels, NtTPC1s (Kadota et al. 2004c) , and Ca 2+ release from internal Ca 2+ stores, followed by ROS production (Kadota et al. 2004a ) and activation of MAPKs (Zhang et al. 1998) in BY-2 cells. In the present study, using synchronized BY-2 cells, we analyzed the cell cycle dependence of cryptogein signaling events in each phase of the cell cycle. Treatment with cryptogein during the G 1 or S phases induced changes in the [Ca 2+ ] cyt , a biphasic production of ROS, and a biphasic activation of MAPKs, followed by cell cycle arrest, accumulation of defense-related gene transcripts and cell death. In contrast, treatment during the G 2 or M phases induced much weaker [Ca 2+ ] cyt changes, rapid and transient ROS production and rapid and transient activation of MAPKs, but did not induce the prolonged production of ROS, the prolonged activation of MAPKs, accumulation of defense-related gene transcripts and cell death before cell cycle progression to the G 1 phase. These results suggest that elicitor signaling events including prolonged activation of ROS production and MAPKs that lead to defense gene expression and cell death are regulated in a cell cycle-dependent manner.
Results
The extent of cryptogein-induced changes in the [Ca 2+ ] cyt depends on the phase of the cell cycle
To analyze the various cryptogein-induced events that occur during the different phases of the cell cycle, the cell cycle of BY-2 cells was synchronized using aphidicolin. The mitotic index of the cells peaked at 8 h after aphidicolin release (Fig. 1A) . Flow cytometric analysis showed that almost all of the cells were in the S phase at 0.5 h after aphidicolin release, in the G 2 phase at 5 h after the release and in the G 1 phase at 11 h after the release.
In cultured aequorin-expressing BY-2 cells, the aequorin chemiluminescence is proportional to the [Ca
2+
] cyt (Takahashi et al. 1997 ] cyt during each phase of the cell cycle using synchronized aequorin-expressing cells. The mitotic index of the cells showed a peak at 8 h after aphidicolin release, suggesting that in these cells, cell cycle progression was similar to that of the non-transformed BY-2 cells (data not shown). Aequorin-expressing cells also displayed cryptogein-induced cell cycle arrest, ROS production and cell death that were indistinguishable from the same events in the non-transformed control (data not shown). Cryptogeininduced increases in the [Ca 2+ ] cyt occurred during all phases of the cell cycle, suggesting that the recognition of cryptogein occurred at all phases of the cell cycle. However, the increases that occurred in the G 2 or M phases were much weaker than those in the G 1 or S phases (Fig. 1C) . These results suggest that the extent of the cryptogein-induced increase in the [Ca 2+ ] cyt depends on the phase of the cell cycle. Unlike random cultured Representative results of three independent experiments are shown. (C) Cryptogein (1.5 µM) or distilled water was applied to aequorin-expressing BY-2 cells at 0.5 h (S phase), 5 h (G 2 phase), 8 h (M phase) or 11 h (G 1 phase) after aphidicolin release, and changes in the [Ca 2+ ] cyt were followed by the aequorin luminescence. The peak in the mitotic index was observed 8 h after aphidicolin release (data not shown), suggesting that the progression of the cell cycle was similar to that shown in (A) and (B). The aequorin luminescence curves shown were normalized with the total luminescence of each cell culture. One representative experiment of three independent experiments is shown in each case. ] cyt increase were rarely distinguished in synchronized cultured cells for unknown reasons. The shape of the aequorin luminescence trace in the S phase (Fig. 1C) suggests that the two peaks may overlap.
The slow and prolonged activation of MAPKs depends on the phase of the cell cycle during which cryptogein recognition occurs Treatment of tobacco cell suspensions with cryptogein was shown previously to induce the rapid activation of MAPK homologs with apparent molecular masses of 48 and 44 kDa, corresponding to salicylic acid-induced protein kinase (SIPK) and wounding-induced protein kinase (WIPK), respectively (Lebrun-Garcia et al. 1998 , Zhang et al. 1998 . To examine the cell cycle dependence of cryptogein-induced activation of protein kinases, protein extracts from cells treated with the elicitor during each phase of the cell cycle were analyzed for kinase activity using an in-gel kinase assay. Treatment with cryptogein during the S or G 1 phases activated p48 and p44 protein kinases (Fig. 2) . The activation of p48 protein kinase was biphasic, in that rapid and transient activation occurred at 10 min, and a slow and prolonged activation continued for at least 300 min. The pattern of activation of p44 protein kinase was similar to that of p48 protein kinase; a rapid and transient activation and a slow and prolonged activation. In contrast, treatment with the elicitor during the G 2 or M phases induced rapid and transient activation, followed by rapid inactivation of both kinases. Later, both kinases were reactivated at 300 min (10 h after aphidicolin release) after cryptogein application in the G 2 phase, and at 180 min (11 h after aphidicolin release) and 300 min (13 h after aphidicolin release) after cryptogein application in the M phase. Fig. 1A , B shows that the cells enter the G 1 phase at around 10 h after aphidicolin release, suggesting that the reactivation of MAPKs is well correlated with the progression of the cell cycle to the G 1 phase. Although the rapid and transient activation of p48 protein kinase and the slow and prolonged activation of p44 and p48 protein kinases occurred in all experiments, the rapid and transient activation of p44 protein kinase was not detected in some experiments (data not shown). The washing of cells by extensive growth medium to remove aphidicolin might affect the rapid and transient activation of p44 protein kinase, because wounding stress induces the expression of WIPK (Seo et al. 1995) .
In summary, the cryptogein-induced rapid and transient activation of MAPKs occurred when cryptogein was recognized during any of the phases of the cell cycle, but the slow and prolonged activation occurred at the S or G 1 phases.
The slow and prolonged production of ROS depends on the phase of the cell cycle during which cryptogein recognition occurs
To examine cell cycle dependence of the elicitor-induced production of reactive oxygen species, the cryptogein-induced increase in superoxide anion (
• O 2 -) was monitored during each phase of the cell cycle with chemiluminescence assays using 2- (Uehara et al. 1993) . Treatment with cryptogein at the S or G 1 phases induced
• O 2 -production in a bipha- sic manner, namely a rapid and transient increase that peaked at around 10 min, followed by a slow and prolonged production of • O 2 -that continued for at least 5.5 h (Fig. 3) . In contrast, treatment with the elicitor during the G 2 or M phases induced rapid and transient
• O 2 -production at 10 min, but the induction of the slow and prolonged
• O 2 -production was delayed. Treatment with cryptogein during the G 2 phase resulted in prolonged
• O 2 -production at 5.5 h after treatment (10.5 h after aphidicolin release), and treatment during the M phase induced the prolonged
• O 2 -production at 3 h after cryptogein application (11 h after aphidicolin release). Since the cells enter the G 1 phase at around 10 h after aphidicolin release (Fig. 1A, B) , the induction of the prolonged
• O 2 -production corresponds well to the progression of the cell cycle to the G 1 phase. Overall, the rapid and transient production of ROS occurred after cryptogein recognition during any of the phases of the cell cycle, but the slow and prolonged production occurred at S or G 1 phase.
Cryptogein recognition during the G 1 phase, but not the G 2 or M phases, induces cell cycle arrest, the prolonged activation of MAPKs, the prolonged production of ROS, induction of defense-related genes and cell death
The prolonged activation of MAPKs and the prolonged production of ROS did not occur when cryptogein was applied before the progression of the cell cycle to the G 1 phase (Fig. 2,  3) . Two hypotheses could explain the cell cycle-dependent activation of these responses. First, recognition of cryptogein during any phase of the cell cycle is sufficient to induce the biphasic activation of MAPKs and the biphasic production of ROS, but the prolonged activation of MAPKs and the prolonged production of ROS are induced only after cell cycle progression to G 1 phase. Alternatively, recognition of cryptogein during the S or G 1 phases is required to induce the prolonged activation of MAPKs and the prolonged production of ROS. To determine whether the recognition of cryptogein at the G 1 phase is prerequisite to induce the prolonged activation of MAPKs and the prolonged production of ROS, cryptogein was applied to cells in the G 2 phase (5 h after aphidicolin release) and removed before the cells progressed to the G 1 phase (9 h after aphidicolin release) by extensive washing with growth medium (Fig. 4A) . When cryptogein was removed before the G 1 phase, the cryptogein-induced prolonged activation of MAPKs (Fig. 4B ) and prolonged production of ROS Fig. 3 Cryptogein-induced prolonged production of
• O 2 -depends on the phase of the cell cycle. Cryptogein (open circles) or distilled water (solid circles) was applied to BY-2 cells at 0.5 h (S phase), 5 h (G 2 phase), 8 h (M phase) or 11 h (G 1 phase) after aphidicolin release. Production of
-was monitored with chemiluminescence assays using MCLA. The luminescence intensity, which reflects the
-concentration, was monitored with a luminometer. Experimental conditions were as in Fig. 1 . One representative experiment of three independent experiments is shown in each case. A similar cell cycle progression to that shown in Fig. 1 was confirmed by flow cytometric analysis and mitotic index analysis (data not shown).
( Fig. 4C) did not occur, suggesting that the recognition of cryptogein during the G 1 phase is necessary to induce these responses. Similar results were obtained for the following downstream events, including cell cycle arrest (Fig. 4D) , accumulation of defense-related gene transcripts (Fig. 4E ) and cell death (Fig. 4F) .
Flow cytometric analysis showed that cells treated with distilled water progressed from the S phase to the G 2 phase (5 h after aphidicolin release) and subsequently to the G 1 (11 h) and G 2 phases (16 and 21 h), whereas continuous treatment with cryptogein induced G 1 phase arrest. When cryptogein was removed before the cells progressed to the G 1 phase, the cells did not induce G 1 phase arrest but, instead, progressed normally to the G 2 phase (16 and 21 h). These results suggest that the recognition of cryptogein at the G 1 phase, but not at the G 2 or M phases, induces cell cycle arrest.
The amounts of transcripts of the defense-related genes Hsr203j and ACHN (acidic chitinase) were analyzed using RNA gel blot analysis. Hsr203j, a hypersensitive responserelated (hsr) gene encoding a serine hydrolase with esterase activity (Baudouin et al. 1997) , has been postulated as regulating either the establishment or the limitation of cell death (Pontier et al. 1998) , and ACHN encodes a chitinase that breaks down the cell walls of microbes (Linthorst et al. 1990 ). Continuous treatment with cryptogein induced the accumulation of transcripts of these genes, but removal of the elicitor before the G 1 phase inhibited the accumulation.
Continuous treatment with cryptogein induced cell death, as detected using the Evans blue assay, but removal of the elicitor before the G 1 phase led to inhibition of the elicitor-induced cell death. Therefore, recognition of cryptogein at the G 1 phase, but not at the G 2 or M phases, induces the prolonged activation of MAPKs, the prolonged production of ROS, cell cycle arrest, the accumulation of transcripts of defense-related genes and cell death.
Discussion
One of the signaling components altered by the cell cycle phases acts between the perception of the cryptogein elicitor signal and the influx of Ca ] cyt (Kadota et al. 2004a ] cyt is 2-to 3-fold greater than that of the second peak (Kadota et al. 2004a) , the significantly weaker cryptogein-induced [Ca 2+ ] cyt increase during the G 2 and M phases (Fig. 1C) indicates that the cryptogein-induced plasma membrane Ca 2+ influx (the first peak in the [Ca
2+
] cyt ) is at least partially suppressed in the G 2 and M phases. These results suggest that one of the signaling component(s) that vary during the different phases of the cell cycle is active between the time of perception of the elicitor signal and the influx of Ca 2+ through the plasma membrane. Although the cryptogein receptor has not yet been identified, the receptor may be one of the strong candidates for the signaling component differently regulated during cell cycle phases. Microarray analysis of a synchronized suspension of the Arabidopsis cell culture MM2d showed that transcripts of two putative disease resistance proteins (accession numbers At4g36140 and At2g24160) accumulate during the G 1 and S phases (Menges et al. 2002) . This result might support the hypothesis that the cryptogein receptor is partially inactivated during the G 2 or M phases.
Future analysis on the expression of the receptors of elicitors and disease resistance genes, as well as the activity of these products during each phase of the cell cycle, may lead to a better understanding of the cell cycle dependence of elicitor signaling in plants.
The patterns of the cryptogein-induced production of ROS and activation of MAPKs differ drastically in different phases of the cell cycle
Although ROS production and activation of MAPKs triggered by cell death-inducing elicitors have been reported in various systems, the characteristics of these responses differ, and have been controversial. Pugin et al. (1997) and SimonPlas et al. (2002) showed that cryptogein induces a transient production of ROS in a tobacco cell suspension, with a single peak at 30 min. In contrast, hypersensitive response-inducing pathogens or elicitors induce two peaks in the generation of ROS in other systems (Chandra et al. 1996 , Lamb and Dixon 1997 , Grant and Loake 2000 , Yoshioka et al. 2001 . Fig. 4 Cell cycle arrest, the prolonged activation of MAPKs, the prolonged production of
• O 2 -, the expression of defense-related genes and cell death were induced after cryptogein treatment during the G 1 phase. (A) Cryptogein or distilled water (DW) was applied to BY-2 cells at 5 h (G 2 phase) after aphidicolin release, and then the cryptogein was removed by extensive washing with growth medium at 9 h (M/G 1 ). All experiments in this figure were performed with these conditions. (B) Activation of MAPKs was monitored with an in-gel kinase assay. One experiment representative of three independent experiments is shown in each case. (C) Production of
-was monitored by the MCLA chemiluminescence. Cryptogein (solid squares) or DW (open circles) was applied to BY-2 cells at 5 h (G 2 phase) after aphidicolin release, and then the cryptogein was removed by extensive washing with growth medium at 9 h (M/G1, open triangles). One experiment, representative of three independent experiments, is shown in each case. (D) The effect of cryptogein on the progression of the cell cycle in BY-2 cells. The cell cycle progression was monitored by flow cytometric analysis. One experiment, representative of three independent experiments, is shown in each case. (E) RNA gel blot analysis of the defense-related genes ACHN and Hsr203J. One experiment, representative of three independent experiments, is shown in each case. (F) Induction of cell death at 40 h after aphidicolin release was detected using the Evans blue assay. A similar cell cycle progression to that shown in Fig. 1 was confirmed by flow cytometric and mitotic index analyses (data not shown). Representative results of three independent experiments are shown. Lebrun-Garcia et al. (1998) showed that cryptogein induces a transient activation of SIPK-and WIPK-like protein kinases that peaks at 30 min post-treatment and gradually decreases to the basal level. Romeis et al. (1999) also showed that the avirulence gene product Avr9 induces a transient activation of SIPK-and WIPK-like protein kinases that peaks at 15 min post-treatment in tobacco suspension cultures expressing the resistance gene product Cf9. In contrast, Zhang et al. (1998) showed that cryptogein induces the prolonged activation of a SIPK-like protein kinase that continues for at least 8 h. Likewise, Suzuki et al. (1999) showed that treatment with xylanase induces the prolonged activation of a SIPK-like protein kinase that is sustained for at least 4 h, after which the activity decreases to the basal level within 2 h. We have shown in the present study that the patterns of the cryptogein-induced production of ROS and the activation of both MAPKs change drastically, depending on the phase of the cell cycle (Fig. 2, 3) . These results may give us a clue that explains why the characteristics of the ROS production and activation of MAPKs triggered by cell death-inducing elicitors are sometimes different in different systems. The patterns of these changes may be different between proliferating cells and resting cells, and may also reflect the growth stage. Furthermore, our results may suggest that interpretation of previously reported results regarding the production of ROS and activation of MAPKs during defense responses should be revised, with consideration given to the phase of the cell cycle.
The cryptogein-induced slow and prolonged activation of MAPKs and the slow and prolonged production of ROS are dependent on the phase of the cell cycle ROS play important roles in the induction of hypersensitive responses in plants (Levine et al. 1994, Lamb and Dixon 1997) . In many experimental systems in which biphasic production of ROS is induced upon elicitation, the rapid and transient production of ROS (phase I), which occurs within minutes of the perception of pathogens, is not specific to hypersensitive responses, because compatible pathogens that do not induce hypersensitive responses also elicit this peak. In contrast, the second phase of ROS production (phase II) is specific to infection with hypersensitive response-inducing pathogens (Chandra et al. 1996 , Lamb and Dixon 1997 , Grant and Loake 2000 , Yoshioka et al. 2001 . We here showed that the rapid and transient production of ROS (phase I) occurred after elicitation, during any phase of the cell cycle, whereas the second increase in ROS (phase II) occurred only after elicitation during the S or G 1 phases (Fig. 3) . The second increase in ROS production (phase II) in the S and G 1 phases correlates well with the cryptogein-induced accumulation of transcripts of defense-related genes and cell death, which are only induced by treatment with cryptogein during the S or G 1 phases (Kadota et al. 2004b) .
The prolonged activation of MAPKs is correlated with defense responses and is thought to be important for the induction of cell death and defense-related gene expression (Suzuki et al. 1999 , Ren et al. 2002 . We have demonstrated that the prolonged activation of MAPKs occurs only after elicitation during the G 1 and S phases, whereas the rapid and transient activation of MAPKs can occur after elicitation during any of the phases of the cell cycle (Fig. 2) . The prolonged activation of MAPKs is also strongly correlated with the induction of cell death. Suppression of defense responses in G 2 or M phases may be attributed to the absence of prolonged production of ROS and prolonged activation of MAPKs. Alternatively, it might also be possible that many other components that participate in induction of defense responses are inactivated during G 2 or M phase.
Relationships among the cryptogein-induced signaling events, including the increase in [Ca 2+ ] cyt , the activation of MAPKs, and ROS production
The elicitor-induced expression of the Rboh (respiratory burst oxidase homolog) gene is thought to contribute to the slow and prolonged production of ROS, following the rapid and transient production (Yoshioka et al. 2001) . The overexpression of MEK DD , a constitutively active mutant of a MAPK kinase, induces the activation of SIPK and WIPK, the expression of the Nicotiana benthamiana Rboh homolog NbRbohB, and hypersensitive-like cell death (Yang et al. 2001 , Yoshioka et al. 2003 , suggesting that a MAPK cascade positively regulates ROS production. Absence of the prolonged activation of MAPKs by cryptogein application in the G 2 and M phases may result in the inhibition of the slow and prolonged production of ROS and cell death.
The inhibition of the cryptogein-induced increase in [ Ca   2+ ] cyt during the G 2 and M phases correlates well with the absence of the prolonged production of ROS and the prolonged activation of MAPKs during these phases (Fig. 1C, 2,  3 ). Multiple reports have indicated that Ca 2+ chelators and Ca
2+
channel blockers completely inhibit elicitor-induced ROS production and activation of MAPKs, suggesting that the Ca
influx is essential for the induction of these responses (Suzuki and Shinshi 1995 , Tavernier et al. 1995 , Romeis et al. 1999 , Suzuki et al. 1999 , Lecourieux et al. 2002 , Kadota et al. 2004a . However, whether the inhibition of the cryptogeininduced increase in [ Ca   2+ ] cyt in the G 2 and M phases is responsible for the absence of the prolonged production of ROS, and the prolonged activation of MAPKs, is still unclear. Interestingly, treatment with cryptogein during the G 2 and M phases induces rapid and transient ROS production and rapid and transient activation of MAPKs, but changes in the [Ca 2+ ] cyt were suppressed during these phases. This suggests that a slight increase in [Ca 2+ ] cyt during the G 2 and M phases is sufficient to induce the rapid and transient ROS production, and the rapid and transient activation of MAPKs. These results suggest that the transient MAPK activation and ROS production occur independently of the prolonged version of both phenomena.
Defense responses are not induced during the G 2 and M phases
Treatment with cryptogein during the G 2 or M phases did not induce the prolonged activation of MAPKs (Fig. 4B) , the prolonged production of ROS (Fig. 4C) , cell cycle arrest (Fig.  4D) , the expression of two defense-related genes (Fig. 4E ) or cell death (Fig. 4F) ; however, treatment with cryptogein during the S or G 1 phases did induce these responses (Fig. 2, 3 ; Kadota et al. 2004b ). Since treatment with cryptogein during G 2 and M phases induced the rapid and transient production of ROS and the rapid and transient activation of MAPKs, cells in these phases are not insensitive to cryptogein but are not able to induce downstream events including prolonged activation of MAPK, prolonged production of ROS, expression of defenserelated genes and cell death.
Cells treated continuously with cryptogein during the G 2 or M phases showed prolonged activation of MAPKs and prolonged production of ROS after progression to the G 1 phase (Fig. 2, 3 ). Are the rapid and transient activation of MAPKs and the rapid and transient production of ROS induced again in the G 1 phase? It was exceedingly difficult to detect these responses in the G 1 phase because of the short duration of these responses. Transient treatment of the cells with cryptogein during the G 2 phase (5-7 h), and again at the G 1 phase (11 h), induced the transient activation of MAPKs and transient production of ROS at the G 2 phase, as well as biphasic activation of MAPKs and biphasic production of ROS at the G 1 phase, with characteristics similar to those induced by cryptogein treatment only during the G 1 phase (data not shown). These results suggest that the rapid and transient activation of MAPKs, and the rapid and transient production of ROS, are induced again in the G 1 phase.
In conclusion, we have demonstrated that cryptogein signaling events, including the increase in [Ca 2+ ] cyt , ROS production, activation of MAPKs, expression of defense-related genes and cell death, are regulated in a cell cycle-dependent manner. Further studies using this model system should allow a better understanding of the cell cycle dependence of defense signaling at the molecular level.
Materials and Methods

Plant material
The tobacco BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2) suspension was maintained by weekly dilution (1/100) of cells in modified Linsmaier and Skoog (LS) medium, as described by Nagata et al. (1992) . The cell suspension was agitated on a rotary shaker at 100 rpm at 28°C in the dark.
Expression and purification of cryptogein
Pichia pastoris (strain GS115) bearing the plasmid pLEP3 was used to produce cryptogein. Cryptogein was expressed according to O'Donohue et al. (1996) and was dissolved in distilled water. The cryptogein concentration was determined using UV spectroscopy with an extinction coefficient of 8,306 M -1 cm -1 at 277 nm (O'Donohue et al. 1995) .
Cell cycle synchronization
A stationary culture of tobacco BY-2 cells was diluted 1/10 in fresh modified LS medium supplemented with 5 µg/ml aphidicolin (Wako Pure Chemical, Japan). After 24 h of culture, the aphidicolin was removed by extensive washing and the cells were resuspended in fresh medium.
Determination of the cell division percentages of the BY-2 cells
The cell division percentages were obtained by determining the mitotic index after staining of the cells with 4′,6-diamidino-2-phenylindole (DAPI) and observation under a fluorescence microscope.
Flow cytometric analysis
Flow cytometric analysis was performed according to the manufacturer's protocol as follows. A 1 ml aliquot of cell suspension was centrifuged at 1,000×g for 1 min. Approximately 500 µl of Nuclear Isolation and Staining Solution 3 (NPE Systems, Inc. Pembroke Pines, FL, U.S.A.) were added to the cell suspension pellet. The cells were chopped with a razor blade and then incubated for 10 min at room temperature, after which the nuclei were separated from the cells by filtering the mixture through a 100 µm nylon filter. The fluorescence intensity was measured by flow cytometry [NPE Quanta(TM), NPE Systems, Inc.]. Counts with low fluorescence intensity contained fluorescence from DNA fragmented during the extraction of the nuclei. Therefore, counts were disregarded below a cut-off value of a much lower fluorescence intensity than that of nuclei at the G 1 phase.
Measurement of changes in the [Ca
2+
] cyt The apoaequorin-expressing BY-2 cell suspension was incubated with 1 µM coelenterazine for at least 6 h. The aequorin luminescence, which reflects the [Ca
] cyt , was measured with a Lumicounter 2500 luminometer (Microtech Nition, Funabashi, Japan) equipped with an A/D converter (MacLab, AD instruments, Castle Hill, Australia), and data were analyzed using the program Chart v. 3.6.8 (AD Instruments). Cell samples of 250 µl were transferred to cylindrical plastic cuvettes and held for 15 min at room temperature, with stirring at 150 rpm to allow the cells to recover from the mechanical stress caused by pipetting. Cuvettes containing the cell suspension were placed in the luminometer and rotated 17 times every 3 s, alternatively clockwise and counterclockwise, to stir the cells during luminescence measurement. The total luminescence intensities after the addition of a 20% volume of 1 M CaCl 2 /20% ethanol solution were analyzed in each phase of the cell cycle, and the cryptogein-induced aequorin luminescence curves were normalized with the total luminescence of the same sample, so that the values of aequorin luminescence in each phase of the cell cycle can be compared with each other.
In-gel kinase assay
Extracts containing 20 µg of protein were electrophoresed on 10% SDS-polyacrylamide gels embedded with 0.25 mg ml -1 of myelin basic protein (MBP) in the separating gel as a substrate for the kinase. Following electrophoresis, the SDS was removed by washing the gels three times for 30 min with washing buffer [25 mM Tris, pH 7.5, 0.5 mM dithiothreitol (DTT), 0.1 mM Na 3 VO 4 , 5 mM NaF, 0.5 mg ml -1 bovine serum albumin (BSA), 0.1% Triton X-100 (v/v)] at room temperature. The kinases were allowed to renature overnight in 25 mM Tris, pH 7.5, 1 mM DTT, 0.1 mM Na 3 VO 4 and 5 mM NaF at 4°C with three changes of buffer. The gels were then incubated at room temperature for 60 min in 30 ml of reaction buffer (25 mM Tris, pH 7.5, 2 mM EGTA, 12 mM MgCl 2 , 1 mM DTT, 0.1 mM Na 3 VO 4 ) containing 200 nM ATP and 50 µCi of [γ-
32 P]ATP (3,000 Ci mmol -1 ). The reaction was stopped by transferring the gels into 5% trichloroacetic acid (TCA) (w/v)/1% NaPPi (w/v). The unincorporated [γ- 32 P]ATP was removed by washing in the same solution for at least 6 h with five changes. The gels were dried onto Whatman 3 MM paper and exposed to imaging plates (Fuji Film Co., ltd, Tokyo, Japan). Signals were visualized with Typhoon 9210 (Amersham-Pharmacia Biotech).
Measurement of
• O 2 -production BY-2 cell suspensions were washed and resuspended in fresh growth medium 30 min before measurement. A 250 µl aliquot of cell suspension was sampled at the indicated time and treated with 2 µM MCLA (Molecular Probes, Eugene, OR, U.S.A.); the
--dependent luminescence was measured with a Lumicounter 2500 (Microtech Nition, Chiba, Japan).
RNA extraction and Northern analysis
Total RNA was extracted from each frozen cell sample using TRIzol reagent, according to the manufacturer's instructions (Invitrogen Co., Carlsbad, CA, U.S.A.). Denatured total RNA (15 µg) was electrophoresed in 2% agarose gels containing 5.5% formaldehyde and transferred to Hybond-N membrane (Amersham-Pharmacia Biotech, Little Chalfont, U.K.). Hybridization was performed at 65°C in phosphate buffer (500 mM Na-phosphate, pH 7.2, 1 mM EDTA, 1% BSA, 7% SDS) with random-primed 32 P-labeled probes prepared from tobacco cDNAs corresponding to the ACHN (Linthorst et al. 1990 ) and Hsr203J (Baudouin et al. 1997) genes. Hybridization signals were visualized with a Bioimage Analyzer (BAS-2000, Fuji Film, Japan) and Typhoon 9210 (Amersham-Pharmacia Biotech).
Cell death assay
A 1 ml aliquot of the cell suspension was incubated with 0.05% Evans blue (Sigma, St. Louis, MO, U.S.A.) for 15 min and then washed to remove unabsorbed dye. The selective staining of dead cells with Evans blue depends on the extrusion of the dye from living cells via the intact plasma membrane. The dye passes through the damaged membranes of dead cells and accumulates as a blue protoplasmic stain (Turner and Novacky 1974) . Dye that had been absorbed by dead cells was extracted in 50% methanol/1% SDS for 1 h at 60°C and quantified by absorbance at 595 nm.
